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INTRODUCTION
A new generation of Atomic clocks, (CSAC) are now commercially available. Their price, size and power consumption have been reduced considerably in the last years. This tendency is driving GNSS providers to incorporate one of these clocks into their high-end products [3] in order to improve the performance of their navigation solution. The clock is one of the fundamental components of a GNSS receiver. GNSS receivers normally include a TCXO clock that exhibits a noisy short-term stability and a poor long-term stability. To overcome the long-term instability, GNSS receivers' clocks are time disciplined with the satellites' atomic clocks. On the other hand, one of the main features of CSAC clocks is their high short-term stability, although these are affected by a long-term instability. Combining the CSAC shortterm stability and the GNSS disciplined long-term stability better timing results may be achieved [4] , therefore bettering navigation performance in some conditions. The Defense Advanced Research Projects Agency (DARPA) developed CSAC technology. It was evolved from the classical Atomic Clocks by reducing the size and power consumption. CSACs typical accuracy [5] is 10 -10 per second (at start up) improving to 10 -12 per second (after 1,000 seconds) [6] . The oscillator of atomic clocks is derived from the frequency measurement of the transition between two energy levels undergone by the electrons in an atom. Normally Cesium or Rubidium atoms are used. A feedback loop is used to lock the frequency, thus becoming a more stable reference.
Previous studies with CSAC and GNSS receivers show the contribution of an atomic clock working with only three satellites [7] . The work presented in [6] and [8] have shown that the combined use of CSAC and GNSS help to mitigate multipath effects. An interesting consequence is that the quality of the navigation solution obtained in non-favorable conditions as poor satellite availability (< 6) or distribution or difficult scenarios (urban canyons, forests) is improved. This means reducing the positioning error ( [4] and [7] ). The mitigation of the multipath problem is due to the smaller bandwidth the correlator has to work with, which is a result of the short-term stability of the atomic clock. The error induced by multipath may be reduced by an order of magnitude [8] .
CSACs are now commercially available from the Microsemi manufacturer. The SA.45s CSAC, which is up to four orders of magnitude more accurate than temperaturecontrolled oscillators (TCXOs). It weights only 35 grams, its volume is 17 cm 3 and its power consumption is less than 120 mW. Microsemi also provides similar clocks like Miniature Atomic Clock (MAC) and Low Noise CSAC (LN-CSAC). In addition, Microsemi offers some GNSS receivers including an embedded CSAC, such as GPS-2700 and GPS-2750 [3] .
To carry out this study, a CSAC SA.45s from Microsemi and two survey-grade GNSS Novatel OEMV-3 receivers with a L1/L2 antenna have been used. The use of two GNSS receivers with different configurations, allow us to compare results and to quantify the improvement of the navigation solution due to the addition of an atomic clock in only one of these.
The work is focused on: CSAC clock characterization and calibration; GNSS clock short term stability characterization; Track recovery time after outages (holdover); Measurement of the position scattering solution.
Hence, this study contributes to quantify the benefits of adding a CSAC time source to a GNSS receiver. The timing and positioning parameters to be evaluated are holdover and the positioning solution scattering. Prague, Czech Republic, 20-23 October 2015
II. THEORY BASIS

A. Clock error modelling -Allan variance
The Allan variance (AVAR) [9] is a well-known technique used to measure oscillator's stability [10] . The Allan deviation (ADEV) is the square root of Allan variance. This method is intended to estimate stability due to noise processes ( Fig. 1) and not that of systematic errors such as temperature effects. Other methods to evaluate a clock performance, especially at long term, are Theoretical [10] and Total [11] variances, but they were not used in this study.
The AVAR, σ 2 γ (τ), is mathematically defined as:
Where γ(ι) is the i th term in the series of M fractional frequency values averaged over the measurement interval τ [12] . In the frequency domain, the AVAR, σ 2 y (f), represents the spectral density of the fractional frequency deviation used to identify the different frequency noise sources of oscillators, [13] and [14] .
Typically only h 0 (white noise), h -1 (flicker noise), and h -2 (random walk noise) values define the clock's Allan variance and are used to model the clock. The theoretical noise values of CSAC and TCXO clocks have been obtained from Fig. 2 [4] and their value are shown in TABLE I. All clocks have an inherent drift, which is not constant in the long term [15] . For CSAC and TCXO clocks, is necessary to steer the oscillators with a higher precision clock reference (Satellites clocks) [16] . In order to steer a clock, the oscillator has to be constantly monitored and compared with the reference oscillator by measuring the phase difference (offset time value) between clocks. The clock is then re-adjusted to increase its performance. Typical steering methods track the clock drift rate using an average filter in order to avoid errors due to jitter noise.
The CSAC oscillator theoretical accuracy is about 0.05 ns RMS and a good short-term stability performance: 2.5E -10 (τ = 1sec) [17] .
The TCXO is the internal oscillator of the GNSS receiver. Its theoretical accuracy is 20 ns RMS [19] , and its short-term accuracy is not good when compared to atomic clocks' shortterm accuracy. The GNSS receiver corrects the drift of the TCXO once per second by means of the PPS signal event. This PPS is derived from the processing of GNSS data.
The long-term stability of a combination of a TXCO and satellite's clocks is better than the one's of a CSAC working standalone.
To operate the CSAC as an input oscillator with better performance than a TCXO, the CSAC must be disciplined [18] . To do it, the clock of a GNSS receiver -which has a better long-term stability but a worse short-term stability -must be used. Note that the clock of the GNSS receiver considered here is enhanced by the corrections obtained from the satellite's clocks. For that, the PPS signal from a GNSS receiver is used to discipline the CSAC.
The parameters defining the differences between the two aforementioned clocks in the disciplining environment are obtained by means of the steering algorithm [16] . A value defining the time average filter is necessary to adjust such algorithm. This value must be obtained from charts provided by CSAC's manufacturers, as the one shown in Fig. 2 . For instance, this figure shows that the GNSS and CSAC curves cross at approximately τ = 3000 seconds. This means that the stability of the CSAC is better than GNSS for averaging times below 3000 seconds; the situation is the opposite when going beyond this value [18] . Therefore, to discipline the CSAC using the GNSS, the value for the time average filter should be greater than 3000, since is within this range of values that the GNSS clock is better than the CSAC.
III. METHODOLOGY APPL
A. Workflow
In order to evaluate the performance of that has been augmented with a CSAC com GNSS receiver, a set of steps have been de are the following:
Evaluate and correct signal delays affect the system performance.
Characterize and compare the cloc their biases and noise (Stand-alone steering configuration), [9] and [15] Validate both Novatel GNSS receiv same conditions, and quantify th positioning error.
Acquire real GNSS data and evalu and positioning solution on different
B. Positioning performance evaluation crite
In order to evaluate the performance solution, the following set of parameters will Position precision and accurac scattering of a static position solutio Time to reacquisition: evaluate how receiver is able to recover signal loc
C. CSAC & Novatel OEMV-3 settings
The configuration of the CSAC need depending on the type of test to run. The co explained below.
Manual synchronization: After send the CSAC adjusts its PPS o (PPS o detected PPS i (PPS input), synchron Typically, this operation is perform CSAC is powered on. 1 PPS Disciplining: Disciplining is the CSAC (see the discussion abo CSAC disciplining).
Phase meter: The CSAC is able to m difference between the received generated PPS o . The phase meter re but, on output, it is rounded to th nanosecond.
Time of day synchronism: A com 'current GPS date + 1 second' m CSAC using its serial port. It synchronize the current time/date w PPS signal. Once synchronized, th data are timestamped with the GPS measurements with the GNSS receiv The Novatel GNSS receiver may be co adapt its behavior to the type of test to perfor configuration options and log commands used Externalclock: The GNSS receiver between the internal and the ex 
tests D, E, and F a fixed st
A. Two Novatel GNSS receiver
In order to validate the ove test is needed. Two identi receivers are used in an (also id 3. Both GNSS receivers have th from a single antenna, connecte same signal. The idea is to com which should show only s independent TCXO clock of ea 
B. Subsystems delays:
This test is aimed at subsystems' delays. Cables, th s ernal clock, it is necessary to and the clock's error model. mmand enables or disables the he TCXO internal clock of the led the range measurements bias me.
mmand is used to instruct the nformation describing the clock l to determine the error of the h is done by comparing its phase lite reference clock.
TS DESCRIPTION ticular configuration,
rs acquisition: rall system configuration, a first ical Novatel OEMV-3 GNSS dentical) situation, shown on Fig. he same configuration, acquiring ed to a splitter used to divide the mpare both navigation solutions, small differences due to the ch receiver. characterizing separately all he electrical components in the PCBs and microstrip lines introduce delays. Once these delays are measured, the synchronization between the CSAC and the Novatel GNSS receiver can be adjusted.
An oscilloscope and a compensated probe are used to measure the delays in the PCB. The internal CSAC phase meter tool is used to measure cable delays. Fig. 4 shows a scheme depicting the different delays. The threshold to decide that a change in a signal has been detected is a variation of at least of a 10% of its maximum value; for instance, a change of 0.33 V in PPS signals, since their maximum value is 3.3 V. 
C. CSAC discipline:
The internal frequency of the CSAC needs to be calibrated. The nominal frequency value is updated at regular intervals to remove accumulative aging biases. A steering process is needed to compensate these offsets (see Section 2B). A scheme of the disciplining configuration is shown on Fig. 5 . Referring to the AVAR graphic on Fig. 2 , the curves of the two intervening clocks cross at τ = 3000 seconds. Therefore, the disciplining period must be equal or higher than this value. In terms of tests duration, the longer the acquisition time, the better calibration results will be obtained. The internal phase meter tool from the CSAC is used to measure every second the drift between the GNSS PPS and the CSAC PPS.
A set of tests of different durations and disciplining times took place to determine the optimum steering value.
Once the CSAC is optimally disciplined, its 10 MHz output signal is calibrated, thus achieving a better long-term stability performance.
D. Characterizing clocks noise and drifts:
The goal of this test is to characterize the drift and the noise of the GNSS receiver's and CSAC clocks. One of the GNSS receivers uses its internal clock, while the other uses the CSAC external clock as represented on Fig. 6 . Analyzing the Clockmodel log (see Section 3B) provided by the GNSS receiver it is possible to observe the drift and the noise of both clocks by performing a long acquisition test. If the Clockadjust command is enabled (see again Section 3B), the TCXO drift is readjusted every second, so the analyzed effect is the jitter of the clock. Otherwise if the Clockadjust command is disabled, the effect observed is the TCXO drift. Referring to the CSAC, it is fixed the obtained steering value from the calibration test. In the GNSS receiver's log Clockmodel the parameter to be evaluated is the bias, expressed in meters.
E. Holdover:
This test intends to analyze the performance of the GNSS receivers when an outage occurs. The idea is to observe how the clock stability affects the receiver's capability to re-track the satellites. To do this, the time elapsed between the moments when the signal is recovered and the receiver is tracking the satellites again is measured. As in the previous tests, one of the GNSS receivers uses its internal clock while the other one uses the CSAC as an external clock (see Fig. 7) . Different outage intervals were tested to evaluate how does the clocks driftwhich increases with time -affects the time to needed to retrack the satellites. 
F. Positioning:
The goal of this test is to quantify how terms of positioning scattering, the CSAC c the GNSS receiver comparing to the TCXO picture of the system configuration is shown. 
A. Two Novatel GNSS receivers acquisition:
A comparison of the navigation solution two Novatel GNSS receiver's shows that differences due to the jitter of the internal, in The magnitude of these errors is in the ran centimeters. These results are shown both in Fig. 9 . 
B. Subsystems delays:
The total PPS i delay measu 11. This delay in the PPS i s copper lines in the PCB, the PN gate (theoretical delay values i the SMA connector and the CSA As stated in Section 4B, eq PCB microstrip line delay. Th delay of 10 ns for a 60 V chan change is 0.55 nanoseconds. circuit for both PPS i and PPS o i presents the different delay valu In the case of the AND gate is higher than the one measur Therefore, the measured value i quation 3 is used to calculate the he transistor datasheet defines a nge. Hence, the delay for a 3.3V A schematic of the electronic is shown on Fig. 10 . e, the lowest typical value (5 ns) red on lab (3.5 ns) see Fig. 11 . is used as the reference.
ate delay (bottom)
PPS o delay slightly increases g in a measured delay of 3.76 ns.
is mainly caused by the AND Fig. 12 . PPSo signals
Using the CSAC's capacity to measure t on PPS i and PPS o by means of the phas Section 3A), a set of measurements on cab lengths are performed. The goal of such m estimate the delay between the PPS i and PP obtain time synchronization between CSAC receiver. This delay value may then be used CSAC. TABLE V. shows the results of t delays measurements. 
C. CSAC discipline:
Some additional tests were performed in the CSAC and calibrate its output frequency. a GPS source has been used as a time referen a different time steering value, starting from 10,000 seconds. order to discipline For all these tests, nce. Each test used m τ = 3,000 to τ = difference between the area at the left AC drifts from the reference PPS signal. Afterwa line) the steer reaches a stable s make the steering algorithm w time needed to reach the stable between the two signals reache automatically synchronizes aga Fig. 13 . Phase meter at disciplining CS The steering time value i frequency offset applied to the C This steering value range phenomenon is due to a tempe this two magnitudes can be clea 
D. Characterizing clocks noise and drifts
To check the behavior of the drift, a 15 minute test using the Novatel GNSS receiver and the Clockadjust command disabled took place. The data collected by the Clockmodel log showed how the CSAC and the TCXO drift with respect to GPS satellite clock. Fig. 15 depicts these results; there, a big difference between both clocks' drifts may be noticed, which is about four orders of magnitude. Then, one more 15-minute test was performed. This time, the Clockadjust command was enabled to estimate the jitter of the clock. A short-term variability analysis of the data available in the Clockmodel log was performed. Fig. 16 shows the jitter of the TCXO due to the clock correction by the steering process, while the CSAC jitter is noticeably slower, but presents some slow drift over time. 
E. Holdover:
A series of tests were performed, varying the duration of the signal outage. Fig. 17 shows the results of the 10-second test. In this case, the contribution of the CSAC was negligible, since no improvement in the time to re-track was observed. In some occasions, the TCXO was faster to re-track, but the opposite situation was equally usual. The results yielded by the 2-and 5-minute tests were quite similar and are summarized together. Fig. 18 (2-minute test) shows how the time needed by the CSAC to recover the lock is about three times shorter. The results obtained in the 1-minute test showed that the use of the CSAC improved the recovery time, although, in a few cases, there were no differences between CSAC's and TCXO's results. See TABLE IX.
The conclusions drawn from the tests above indicate that no improvements on the recovery time may be expected due to the use of the CSAC for signal outages shorter than 1 minute. Beyond this time lapse, the CSAC clearly improves the time needed to re-track. Moreover, the time needed to recover the lock when using the CSAC is not affected by the duration of the outage; on the contrary, it increases when using a TXCO. This work focuses on the characterization of atomic clocks for its use together with GNSS receivers. Several conclusions must be highlighted:
A rigorous characterization procedure is needed. Such characterization includes aspects related to signal delays, shortand long-term stability, average filter times or noise modelling. Such characterization is the way to calibrate the CSAC.
The behavior of the CSAC is noticeable affected by variations in temperature. This fact must be included in the characterization (and calibration) of the clock.
The use of a CSAC is clearly beneficial to shorten the time needed to re-lock satellites when signal outages longer than 1 minute occur.
A reduction by a factor of 2 in the standard deviation of the position is achieved on a static situation. The main source of improvement could be the smaller clock drift and noise of the CSAC versus TCXO clocks.
It is foreseen that the use of CSAC will improve the quality of the navigation solution. Nonetheless, this specific point needs further research. The impact on Signal to Noise Ratio (SNR) and protection against jamming are the targets of future research.
